SUMMARY To characterize the electrophysiologic properties of the ventricular arrhythmias occurring during reperfusion after acute coronary artery ligation, a study was undertaken to correlate the time course of appearance of such arrhythmias with specific electrophysiologic mechanisms. Thirty-seven dogs survived 30-minute ligations of the left descending coronary artery, and all had either instantaneous (onset at 0-1 minute) or delayed (onset at 2-7 minutes) ventricular arrhythmias on reperfusion. Local electrograms recorded from ischemic myocardium were markedly abnormal after 30 minutes of coronary artery ligation, but rapidly returned to approximately normal within 1-2 minutes after reperfusion. Instantaneous reperfusion ventricular arrhythmias occurred in the midst of the recovery process when fragmented activity was recorded on electrograms from the ischemic area. This activity increased in amplitude, was of long duration (i.e., spanning diastole) and was associated with the occurrence of ventricular fibrillation in 24 of 37 dogs. By 3 minutes after reperfusion, all electrical activity was again synchronous and inscribed completely within the QRS complex. However, in eight of 19 dogs that survived the initial reperfusion period, including six resuscitated from ventricular fibrillation, there was a second surge of ventricular arrhythmias that was independent of diastolic or asynchronous electrical activity. In contrast to the instantaneous reperfusion ventricular arrhythmias, the delayed arrhythmias (2-7 minutes after reperfusion) were associated with electrophysiologic properties characteristic of enhanced automaticity and only infrequently (one of eight dogs) degenerated to ventricular fibrillation. Although the incidence of ventricular arrhythmias during the antecedent period of coronary artery ligation and the occurrence of instantaneous reperfusion arrhythmias were closely correlated, the delayed ventricular arrhythmias of reperfusion and those occurring during the antecedent coronary artery ligation period were not correlated. Distinct electrophysiologic mechanisms are apparently associated with a specific time course of appearance and with the severity of ventricular arrhythmias that occur when blood flow is suddenly restored to acutely ischemic myocardium.
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THE SUDDEN ONSET of ventricular tachycardia and fibrillation upon the release of a coronary artery occlusion in the experimental animal was observed as early. as the 19th century.1 A wealth of experimental data has subsequently confirmed this phenomenon. 28 While new information identifying the mechanisms of the arrhythmias induced by coronary ligation has been described,9-13 the precise mechanism of the rhythm disorders observed upon reperfusion remains unclear. '4 Differences between the ventricular arrhythmias of ligation and those of reperfusion suggest that multiple mechanisms may account for the rhythm disorders attendant upon ligation and reperfusion. 7 The left anterior descending coronary artery was ligated in one stage over a chromic wire 1 mm in diameter. Thirty minutes after coronary artery ligation, the ligature was cut over the chromic wire and blood flow was immediately restored. The observations continued until all arrhythmias disappeared in the dogs that survived and for a minimum of 60 minutes after reperfusion. Resuscitation was attempted in 10 of the 24 dogs that developed ventricular fibrillation immediately after reperfusion to determine if dogs susceptible to ventricular fibrillation immediately after reperfusion were also susceptible to delayed reperfusion ventricular arrhythmias. Only the six dogs in which normal sinus rhythm was restored immediately after one or two successive DC shocks of 20-40 watt-sec were monitored further. Further resuscitation was not attempted in the other dogs that developed ventricular fibrillation. Dogs were numbered 1-37 to facilitate the analysis of data and not in chronological sequence.
Determination of Ventricular Automaticity
The presence of ventricular automaticity was determined by dissecting the cervical portion of the right vagus nerve and positioning stainless steel electrodes adjacent to the nerve.'9 Trains of l-msec stimuli at 30 Hz were given for 10-20 seconds. The intensity of the stimuli was adjusted to achieve sinus arrest. The rate of the idioventricular escape rhythm was then determined. We performed the procedure 3-4 minutes before reperfusion and at 2-3-minute intervals after reperfusion in the dogs that survived the instantaneous arrhythmias of reperfusion. Using our methods, we could not perform vagal stimulation immediately after reperfusion without interfering with effective and complete reperfusion. Nor was it possible to exclude possible effects of concomitant sympathetic stimulation resulting from our methods of vagal stimulation. fig. 4) .
Observation of the 19 dogs that survived the initial reperfusion period revealed an unexpected, delayed surge of ventricular arrhythmias and ventricular tachycardia in eight of these dogs ( fig. 2, dogs 1, 2,  5-7, 9, 18 and 19) . The mean rate of the delayed ventricular tachycardia was 190 beats/min (range 160-250 beats/min). With one exception, these ventricular tachycardias were self-limited, with gradual onset and cessation and were associated with many fusion complexes (fig. 4) . We observed many long periods of isorhythmic atrioventricular dissociation due to ventricular tachycardia in which dominance of the sinus and ectopic rhythms interchanged frequently. Local electrical activity recorded in the previously ischemic region was synchronous and did not extend beyond the QRS complex during the period of delayed reperfusion arrhythmias. In all instances, the earliest electrical activity recorded during the delayed ventricular arrhythmias was from the endocardial surface of the left ventricle and preceded epicardial activation ( fig. 4 ).
Changes in Ventricular Automaticity
Vagal stimulation was performed in six dogs before reperfusion and was repeated at intervals of 2-3 minutes in five dogs that survived the instantaneous reperfusion arrhythmias. Just before reperfusion, the frequency of the escape idioventricular rhythm revealed by vagal stimulation was 77 beats/min. The rate reached 180 beats/min within 5 minutes of reperfusion. At 6 minutes, the idioventricular rate accelerated to 222 beats/min, overtaking the normal sinus mechanism and becoming the dominant ventricular mechanism. Increased ventricular automaticity in three other dogs was also evident with vagal stimulation (fig. 6 ). Automaticity, as evaluated by the rate of the idioventricular rhythm during vagal supression of the sinus mechanism, was maximal when the delayed reperfusion ventricular arrhythmias were most prevalent (3-12 minutes). By 15 minutes after reperfusion, when the delayed arrhythmias had spontaneously subsided, abnormal automaticity had also lessened ( fig. 6 ). At the time of the maximal increase in ventricular automaticity, no delay was observed in the electrograms located in the ischemic area ( figs. 4 and 7) . Thus, the duration of the local electrograms was consistently decreased at the time of the delayed reperfusion arrhythmias ( fig. 7 ). . Four minutes after reperfusion (B), the local activities were all synchronous, were without delay (< 40 msec) and were within the QRS, although the dog remained in sustained ventricular tachycardia. All the gain settings of the seven local electrograms in panel B were at one-half the sensitivity of those in panel A. Therefore, the amplitude of the local activity was higher in panel B.
30-minute coronary ligation and survived to reperfusion also had instantaneous reperfusion ventricular arrhythmias. In contrast, the delayed reperfusion ventricular arrhythmias occurred independently of the rhythm disorders seen during ligation and those occurring instantaneously after reperfusion. Discussion The high incidence of severe ventricular arrhythmias after coronary artery ligation has been shown to be associated with marked disturbances of local myocardial activity in the ischemic zone.9 12, 18 Two principal changes have been observed in the electrical activation of the ischemic zone after coronary ligation: (1) marked reduction in the amplitude of the activation spikes in all of the myocardial layers and (2) severe delay and fragmentation of activation spreading into diastole.9 12, 8 The time course of events during which these alterations develop corresponds closely to the appearance and disappearance of ventricular arrhythmias.9 12 18 Other investigators have observed that the maximal disturbances in local electrical activity coincide with the marked increase in vulnerability to ventricular arrhythmias that occurs 3-5 minutes after coronary ligation.68, 17 In contrast, after reperfusion, there appears to be an instantaneous onset of ventricular arrhythmias1-8 ( fig.   2 ). This difference in the time course of the ligation and reperfusion arrhythmias has prompted some investigators to postulate that the mechanisms responsible for the rhythm disorders at ligation might be different from those observed at the moment of reperfusion.6-8e 14, 15 An important observation in the present study was the rapid recovery of local electrical activity in the reperfused zone. Thus, local activity in the reperfused area became synchronous, without delay and without fragmentation, within 3 minutes after reperfusion (fig.  3) . The immediate reperfusion arrhythmias occurred in association with the very early stages of this recovery period (fig. 3) . During the initial seconds after reperfusion, there was a rapid but heterogeneous increase in the amplitude of local delayed and fragmented electrical activity that was associated with the onset of malignant ventricular arrhythmias. It could be postulated that the sudden appearance of these reperfusion arrhythmias, coincident with the apparent recovery of electrical activity in the ischemic zone, was a result of the inhomogeneity in this recovery process. Such inhomogeneity could provide the appropriate milieu for reentrant arrhythmias.
The susceptibility to instantaneous ventricular fibrillation paralleled the immediate changes in local electrical activity (amplitude, duration) after reperfusion. By 60 seconds after reperfusion, when electrical activity had been fully restored, the risk for ventricular fibrillation had subsided markedly. The failure to record delayed activity using a limited number of bipolar electrodes does not exclude the presence of such activity in zones in which electrodes were not impaled. However, the abundance of such activity in the dogs with instantaneous reperfusion ventricular arrhythmias and the lack of this activity in all eight dogs with delayed reperfusion ventricular arrhythmias, using more than 60 infarction sites, is noteworthy.
Some clues to the electrophysiologic mechanisms of these delayed reperfusion arrhythmias can be inferred from the vagal stimulation studies. For example, the gradual increase in the idioventricular rate from 77 beats/min just before reperfusion (time "0") to 180 beats/min 5 minutes after reperfusion, with further acceleration to 222 beats/min, is seen in a representative dog in figure 5 (also see fig. 6 ). This mildly accelerated idioventricular rate (before reperfusion) of 77 beats/min could be attributed to changes in sympathetic tone or possibly to our method of vagal stimulation, which may have resulted in concomitant sympathetic stimulation.20 The occurrence of these delayed reperfusion ventricular arrhythmias closely paralleled the marked changes in automaticity present 3-12 minutes after reperfusion. Thus, increased ventricular automaticity rather thanI a reentrant mechanism probably explains these delayed and less malignant reperfusion ventricular rhythms. Several other features suggest a transient increase in ventricular automaticity as the basis for the delayed reperfusion ventricular arrhythmias. These arrhythmias occurred when local electrical activity was already syn- . In addition, the onset and cessation of these arrhythmias resembled the behavior of accelerated idioventricular rhythms with many fusion complexes.21' 22 These experiments, however, do not provide direct proof of either increased or abnormal automaticity as the mechanism for delayed reperfusion arrhythmias. Moreover, it was not possible to exclude completely an automatic mechanism contributing to the instantaneous reperfusion ventricular arrhythmias,15 as vagal stimulation studies were not done during the first minute of reperfusion. Although no sudden changes in heart rate occurred just before the onset of these arrhythmias, this does not exclude the presence of less marked increases in ventricular automaticity that may have been masked by the sinus tachycardia. Murdock and co-workers23 reported that automaticity was normal during reperfusion, but in their experiments, dogs were studied after only 10 minutes of ischemia, and the left anterior descending coronary artery was occluded more distally, after the first diagonal branch. In addition, their methods included formalin injection into the atrioventricular nodal area, which may have also affected sympathetic fibers coursing to the ventricle or other potential pacemaker tissue. The real incidence of the delayed increase in automaticity might actually have been even higher than that observed using the methods of the present study. This is suggested by studies in a cat reperfusion model.'5 Evidence for this was also obtained in our experiments in which the right cervical vagus nerve was stimulated. In four of the five dogs that survived the initial postreperfusion period and underwent vagal stimulation, we noted distinct evidence for increased automaticity (figs. 6 and 7). From the data presented in this study, it was not possible to reach a conclusion concerning the mechanisms by which reperfused myocardial cells, and presumably Purkinje fibers as well, might have developed a transient increase in automatic pacemaker activity.24' 25 The marked increase in idioventricular rate to the range of 220 beats/min in one dog may have been related to additional superimposed pathologic mechanisms as suggested by Vassalle and co-workers.28 Presumably, changes occurring in the 30-minute period of ischemia before reperfusion in the present study were sufficient to result in an increase in the idioventricular rate.
Thus, the present studies suggest that multiple mechanisms are responsible for instantaneous and delayed reperfusion ventricular arrhythmias. First, there is extremely rapid washout of the metabolites, potassium and other accumulated substances that contribute to the severe membrane depression observed during coronary artery ligation.27 29 This washout should facilitate the rapid recovery of electrophysiologic properties of affected myocardial cell membranes and presumably plays a role in the occurrence of the instantaneous reperfusion arrhythmias. In the rapid transition from severe depression of electrical activity to almost normal activity, there was a transient period of partial recovery highlighted by increased amplitude of the local delayed and fragmented myocardial electrical activity conducive to a reentrant mechanism. Second, a rapid but nonuniform recovery of severely depressed tissue may result in greater inhomogeneity of the local electrophysiologic properties, contributing further to this arrhythmogenic milieu. And, in fact, if blood flow is restored slowly, the incidence of reperfusion arrhythmias is less than with rapid reperfusion.4 5 Third, it is also possible that acute occlusion of a coronary artery followed by acute reperfusion may subject myocardium to additional hyperemic and subsequently hemorrhagic injury.30 Fourth, enhanced a-adrenergic responsiveness during myocardial ischemia could be responsible for both immediate and delayed reperfusion ventricular arrhythmias induced by catecholamines released during ligation and reperfusion.3'
Other mechanisms contributing to the delayed reperfusion ventricular arrhythmias are less clear. The methods of the present study do not allow us to speculate further than to suggest the possible role of delayed or partial recovery of either myocardial or specialized Purkinje fibers as the etiology for these arrhythmias. In addition, because of limitations in methodology, we could not correlate either the severity or time course of reperfusion ventricular arrhythmias with the extent of ischemic myocardium.
In conclusion, two distinct periods of ventricular arrhythmias occur in the minutes after reperfusion in dogs previously subjected to 30 minutes of proximal left anterior descending coronary artery ligation.
Arrhythmias that occur instantaneously with reperfusion show rapid changes in local electrical activity conducive to a reentrant mechanism, frequently terminate in ventricular fibrillation and are very closely associated with the occurrence of ventricular arrhythmias during the antecedent period of coronary artery ligation. In contrast, reperfusion ventricular arrhythmias that occur just minutes later have electrophysiologic properties more characteristic of increased automaticity, infrequently degenerate to ventricular fibrillation and occur independently of the ventricular arrhythmias of the antecedent period of coronary artery ligation.
